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Fig. 9C

MLL-AFZ (AML) Survival

%

####

w‘ ! 1% -Q.- @ N _: 11111111111111111111111111111111111111 ':: 11111111111111111111111111111111111111111111111 - F o i i i i i s e -:::- e i e i il il -: -:'-' W ON W W, W 1:;.
g P : @ Untreateg
Ml ¥ . '] : . [ ] r :‘: : . . . - . -

B Arad treatsd
- ITHE I+ Avac

.......

F'I'P'l'r'l' :
.
T N L N




4 &« & & & &2 b a b a b a s ah a ks sk ahadadadkadadadha s asada s adadadkadadadhadadadadasadhakadayadha sy a s a ks ks ks s adadh

btb*b*b*b*b*bkb*b*.'.T.r.'.r.T.'.T.r.'.r.T.'.T.r.'.r.T.'.T.r.'.r.T.'.T.r.'.r.T.'.T.r.'.r.T.'.T.r.'.r.T.'.T.r*t**b**b**bbbb*btb*b*bt%
|l.f.___"n

L}

. .4
T I.-__. [t} o

pEs rn.n........,.............n.n..-. ..-.-u..,-.........-.-...........................: . o

C
L

[

[

]

r

[

L

[

r

]

r

[

L

[

r

]

r

[

L

[

r

]

r

[

L

[

r

]

*

-
u
§
u

r b ok

r

.
o
Vit

L
L
.

]
.'r
" n o=
LI |
L B
l-l-
. -
o
]

r

N

"
-

X

L

L]
*l
L ]
[

L]
'
L
[ ]

r
L]
e |
r
r
k
Ll
[

N

.
F3
1

.
W
]
.
[ ]
.

L}
.
s
-
L]
-
L}
-
L}
x

r
.
r
.
‘.
F
.
L R R

" m
W
" m
1
b'rn.
A

=Thr -

.
W
.
.
N lrlq-
-
L]
i
+
r
'

’
.
.E
e
o
L

r

a

[
[ ]
[
- F

L

.
]
LR

L4

NN

*I-*I—*I-*I-*I-*I-*I-*I—*I—*I—*I—*I—*I—*I—*I—

.
*l
F I B R R N N N N A B B R R O e )
.

. .

Ve

r
*,

[y

r

.

-

* &

.
*I
o
.
.
L
B oa
LA

¥

)

i i
¥

.
L[]
O N N N N N N N N N N

o e o e e I Il L I i i

]
r
'

" onn

L
JERE

P
Ay ]

L4

»

.
.

N
L e )
LI |

d
.

L4

.
1]
\
»
ERE
.
.
r
.
.

r

]
]
'rb#
i
-
L}
|
L4

L L
T
_r
-
n

.
W

US 11,666,672 B2

Ly
L]

.
1]
ERE

r
-:E
"a
1_||

L]
'

¥

1]

]
]
r

L

*#‘-I-I-I‘il
]
-

-ﬁ"-‘ -'*-' L]
A

Ty
-

¥
]
¥
E

.
.-
_-

o .

- ar
i..__.:..__.:..__#bb.b#b#bb.b#b#bb.b#b#b#bb.b.:..__.:..__.:..__#bb.bb.b#bb.bb.b#bb.b#b#bb.b#b#bb.bb.b#bb.bb.b#bb.bb.b#bb.b#b. b.l..__.:..rlil.}. Py T
L

r

L

W e e
T
. .
—....—....—....—.

L}
L}

(O]
*I [ ]
.I

- -
R
*I*l*lkl*l*l

-
.
¥ w

.- -*'.' -4'.1'-'-*'.-.

" .
*l*l
.

[
'r.'rl'r.'r.'r
-
-g .
'
ol
L
L)
L]
.

.
'rl'r
¥ 4.*-

-
L}
L)

X

[ ]
| ]
P e > "
ey - "u.
. s .
. - 1 » s
.r.r.r.r.._ - i Il..
. -
1 . . alala s b.b.....buﬂ.- Lot s .
. L oamaoaaoaa .t.T.r.r.T.r.t.r.t.__ e N »
-i.__i.__iiii.._.r._..r.._.._.._.._ r - " a
. . ..-nn.qn.r.r.r.__.r.__._..__.____._ . » »
.lnnnl.._.__.._.._..._q ' . .
-r.l.‘.'.".'.'.r.r-r rrrr r [ |
e e e de d N - .
i 'y W i kA » M
roa ™ .-_.-..-.....l..r.-_.-...r.r.r.....r.r.r.....r.r.r.r .- il
R e e " ) .rH.r e e e " .
P e F e e Pt Paie s o
) ) ) - s P i o i * - E
. a .
* ke d e de b b ke b b b b dr O kb b ke b b
it i e i i o i o, e ...-....._....!.-.:....-.....-....-....l_lt...-....._..-.ll.-....-....._.... R T S A g N 3 N .-. N O .-. .-. N TR l-_...-. - .-..-.:.1.... .-. .._. ..1...-....._.1 S R .-......_....-..._ .-.....-.....1.-. [
. dr dp O J Jr d Jr Jr dp Jr de Jp dr U O U A Jr b Jr & 4 Or Or - - - - Fa - - e e e - . & - = F ®or = + B LR - - - - - - - - - e . - - -k
o e o e Sl S e e S S S S S S Sl i o ] a ' S * N - . a = . " e
B ar dr dr dr e e e p i i i dr Jp 0 b b de & d dr 0 ' ' r
P T S e o S e Sl T ™) o ]
RN o s - - . .
L .__.._l.._.._.._l.__.._.__.._.._.._.._.__.._.r.._.__.._.t.._.;..rl.............t.r " a. roaa alal Paat aa'a
i R I R et [y i e N ks AN
2 h oa koa i.__i.._i.._i.._i....... ._.l...... P ..l..._.nl " & S
YN R IR R N N N N ' wr r o
i & S 4 b &2 & b bk a ks ks ks s 4 =2 & 2 b &2 & & bk a b a b a b a b a h a s s h s sk s sk a ki oo L = F . P B B | -
R R e e N T EREEREEEEEERNE N R E N E N ENEN, N ko k- - d - N = =@ .
P e e e i e e e A T S e o i S ¥ Nla-a. W o oar I »
R R e S I I Uy, Y e [ rar s
1 b & b & b & b & & l.r.'.rl .r.r..r.r.rl.r.'.rl.f = '..r-_ l}..'}..' r l'\ "
' .
s b & b & b & b & & n.._.._.._l.__.._ - .__......._ .__:._n ll”._. +1 ._.H. at
Sttt Y e Yt Y PR
s ay -
P
ﬂ -.".rlb. ‘.l.l..._'
L .
e "
I -
x
1 B X
- A .
-
-
A "
-
-
r
S g -
-
.l .__.._.._.._.I._.._.._...__.._.I._.._.._.._.._.I._.._.._.._.._.I._.._.._..__._.I._.._.._..__._.I._.._.._..__._.I._.._.._..__._.I._.._.._..__._.I._.._.._..__._.I._.._.._..__._.I._.IJ.I._.I._.I._.I._.I._.I._.I._.I._.I._.I._.._.I. .
ar x
- - II . *.-
- ¥ Al '} n
L] R L L L L]
. - 1 1 S
. . o T -
- x N ki wroa
- o = »
. x P A
. . ra ra T m
- x ¥ i
- [ = mor
- X i N
. a o T . - -
. X ¥ aa
- r e B
- X ™ o
a . s -
- x P
= - o = -
. x x &
- . ra ra T m
et - x ¥ Ml 'R R
- - [ » T Py s
- x N P i ae
= a (o™ - Lo T . - o -
. x B odeded x & - oa-
- - ra x P B = q T aa
. - ¥ a FLpL y & Lol
3 - A e » 1T tm X woaw
“a . - e . x_ o s
- '} e T » LR
" . ! . .
X 4 - T =
- P B
- . a T = L e
< . - o
n - T . = B
™ - - a ™ Pl I
ok . * 2 @
NN - P B
. . - ow - = [
0 .l..-.._t......_t.._ . - X, wwoa
. . . . e . . . . . .
' LI I I B ] l'l.'.‘l.'..'-l.'.l'.ﬂ.'.J.'.J.'.J'.J..'.J.-'.J-.'.J..'.J..'.J-.'.J..'.J..'l-.'l..'l.“.'“'.“.T“'.‘.'“.-..J.T.‘.'.J.T.J..r.ﬂ.'l-r L] L ] .r ] .' .r .r - .T .' .r ] .' .r ] .' .r ] .' .r ] .' .r ] .' .r ] .' .r ] .' .r ] .' .r ] .' .r ] .' .r ] .' .r ] .' .r ] .' .r ] .' .r ] .' .r ] .' .r ] .' .r ] .' .Fl .r'..'
..'l..rl..n?.—.?ﬂ?-?i*-'l?i?..?h?j?h‘.-?i*..'..?j?j‘j?j*j'j.!h.'j.?j.?j?j.?&.T...T...T.-..T.J.T...T...T.a..T....T.-..T....T....T....T.l.Tb..T.Tb.:..T.:..Tb..rb..r.:..rb..rb..rl.rb.r .:.rl.rl.rl.rl.rl.rl.rl.rl.rl.rl.r L] . L] ..ul_.-l.lr Y ...... iiiiiiiiiiiiiii ..............................................................................iiiiiiiiiiiiiiiiiiiiiiii..................... '._ E._.
..4-............................................. “x" "a” o . " - - - * ._.__“
Ak a g e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e A e e . . - . .
T-T.T"'"'""""""""""" - - L] - -
. r r...._.....r....r....r....r....r....r....._....r...._.....r....r....r....._....r....r....r....r....r....r.....-.....-.....h...h...h...h...h....-....h...h....-.....-......-....l....-..__.-..._.-..__.-..__.-..._.-..__.—.__.-..._.-..__.-..__.—.._.-..__.—.__.-..__.-..__.-.n.-.i.-.n....n....n......._..............._..........__1.__ e s . *, .
. N N N NI R - - - - »
[ - I - .-..._ L
L o . . A M
- - ™ N
. - » o -
- * e o or i
. a & -
6 - - x
- . -
- ™ N
. . » -
. - -
- . -
L . ¥
. . . » -
*,
- '.r
L] ”.._
. ) x5

L

XAy

et

&g
e
o . Lo

%_;
i3
£

Tt
X
v
L)
I'_

EEFEFEEFEER
TR R
L/

W W W W W W T W T W W T T W T T T T W W T T W T W T T T W T T W T W T T T W T T LT W LW LT W W TLT T W T T W T W W T W W T_W W W W W W W W W W wW_T

[l
'-I.I
"
L )
LI B N L

-

.~
L]
a

U.S. Patent



US 11,666,672 B2

1

ANTI-CD33 ANTIBODY-GUIDED IMAGING
AND TREATMENT OF ACUTE MYELOID
LEUKEMIA

PRIORITY CLAIM

This application claims priority to U.S. Provisional Patent
Application No. 62/770,692, filed Nov. 21, 2018, which 1s
incorporated herein by reference 1n 1ts entirety, imncluding

drawings.

GOVERNMENT INTEREST

This invention was made with government support under
Grant Numbers CA033572 and CA134491, awarded by the
National Institutes of Health. The government has certain

rights in the mvention.

SEQUENCE LISTING

This disclosure includes a sequence listing, which 1s
submitted in ASCII format via EFS-Web, and 1s hereby

incorporated by reference 1n 1ts entirety. The ASCII copy,
created on Jan. 16, 2020, 1s named Sequencelisting.txt and
1s 3.66 kilobytes 1n size.

CROSS REFERENCE TO RELATED
APPLICATION

This application claims priority to U.S. Provisional Appli-
cation No. 62/770,692, filed Nov. 21, 2018, which 1s incor-
porated herein by reference 1n 1ts entirety.

FIELD OF THE INVENTION

The present invention relates to the fields of immunology,
antibodies and conjugates, molecular biology, PET-CT
imaging, cancer diagnosis, and cancer therapy. In particular,
this 1nvention provides antibodies for theranostic 1maging
and treatment ol acute myeloid leukemia (AML).

BACKGROUND

AML 1s a highly aggressive hematopoietic malignancy
with an extremely poor prognosis as reflected by an overall
S-year survival rate ol 40%-45% 1n young adults and <10%
in the elderly (>65 years of age) [1]. Research over the past
decades has helped us understand the pathobiology, classi-
fication and genomic landscape of the disease, which has
resulted 1n 1mproving current treatment options. Despite
advances, the prognosis for elderly patients who account for
the majority of new AML cases remains discouraging [2].
More than 70% of elderly AML patients (>65 years old) will
die of their disease within 1 year of diagnosis and treatment
|3]. Therefore, new diagnostic and therapeutic approaches
are necessary to improve outcomes.

Currently, the diagnostic criteria for AML 1s the presence
of =20% blasts 1n the bone marrow or peripheral blood [4].
AML diagnosis and prognosis are currently achieved by
single-point bone marrow biopsies (iliac crest) followed by
cytogenetics and mutation analysis. However, the 1liac crest
biopsy cannot account for heterogeneous bone marrow
disease and extramedullary mvolvement. F18-FDG (meta-
bolic activity) and F18-FLT (cell proliferation) have been
tested for diagnosis and monitoring treatment response.
However, these PET tracers are non-specific in that they
detect metabolic activity or proliferation, which may be
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2

aflected post treatment and hence yielding non-reliable
results. Hence, there 1s need for new diagnostic tools that are
non-invasive, specific and sensitive to AML 1n the whole
body, including extramedullary organs, and useful to longi-
tudinally monitor disease and treatment response.

SUMMARY

In one aspect, discloses herein 1s a non-invasive method
of 1n vivo detecting acute myeloid leukemia (AML) 1n a
subject. The method entails administering to the subject an
cllective dose of a radioactive isotope-labeled anti-CD33
antibody, exposing the subject to PET-CT scanning, and
detecting CD33- PET-CT signal 1n tissue or organ of the
subject, thereby to determine the presence of the AML
cancer cells. In certain embodiments, the PET-CT scanning
1s carried out about 6 hours, about 12 hours, about 18 hours,
about 24 hours, about 30 hours, about 36 hours, or about 48
hours after administration of the radioactive 1sotope-labeled
ant1-CD33 antibody. In certain embodiments, the radioactive
1sotope-labeled anti-CD33 antibody 1s administered to the
subject by intravenous 1njection, subcutaneous injection, or
peritoneal 1njection. In certain embodiments, the radioactive
1sotope 1s conjugated to the anti-CD33 antibody via a
chelating agent. In certain embodiments, the chelating agent
1s 1,4,7,10-tetraazacyclododecane-1.,4,7,10-tetraacetic acid
(DOTA). In certain embodiments, the radioactive 1sotope 1s
**Cu.

In another aspect, disclosed 1s a non-invasive method of
in vivo detecting extramedullary disease (EMD) 1n a subject.
The method entails administering to the subject an effective
dose of a radioactive 1sotope-labeled anti-CID33 antibody,
exposing the subject to PET-CT scanning, and detecting
CD33- PET-CT signal 1in tissue or organ of the subject,
thereby to determine the presence of the EMD cancer cells.
In certain embodiments, the PET-CT scanning 1s carried out
about 6 hours, about 12 hours, about 18 hours, about 24
hours, about 30 hours, about 36 hours, or about 48 hours
alter administration of the radioactive 1sotope-labeled anti-
CD33 antibody. In certain embodiments, the radioactive
1sotope-labeled anti-CD33 antibody 1s administered to the
subject by intravenous injection, subcutaneous injection, or
peritoneal 1njection. In certain embodiments, the radioactive
1sotope 1s conjugated to the anti-CD33 antibody via a
chelating agent. In certain embodiments, the chelating agent
1s 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA). In certain embodiments, the radioactive 1sotope 1s
64Cu.

In yet another aspect, disclosed 1s a method of determin-
ing heterogenicity in the spatial distribution of AML 1n a
subject. The method entails administering to the subject an
ellective dose of a radioactive isotope-labeled anti-CID33
antibody, exposing the subject to PET-CT scanning; and
detecting CD33— PET-CT signal 1n tissue or organ of the
subject, thereby to determine the heterogenicity in the spa-
tial distribution of AML. In certain embodiments, the PET-
CT scanning 1s carried out about 6 hours, about 12 hours,
about 18 hours, about 24 hours, about 30 hours, about 36
hours, or about 48 hours after administration of the radio-
active 1sotope-labeled anti-CD33 antibody. In certain
embodiments, the radioactive isotope-labeled anti-CID33
antibody 1s administered to the subject by intravenous
injection, subcutaneous injection, or peritoneal njection. In
certain embodiments, the radioactive isotope 1s conjugated
to the ant1-CD33 antibody via a chelating agent. In certain
embodiments, the chelating agent 1s 1.,4,7,10-tetraazacy-
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clododecane-1,4,7,10-tetraacetic acid (DOTA). In certain
embodiments, the radioactive 1sotope 1s 64Cu.

In yet another aspect, disclosed 1s a method of treating
AML or EMD 1n a subject. The method entails administering,
to a subject an eflective dose of a radioactive 1sotope-labeled
ant1-CD33 antibody, exposing the subject to PET-CT scan-
ning, detecting CD33+ PET-CT signal in tissue or organ of
the subject to determine the presence of the cancer cells, and
administering fTMI therapy to the subject based on the
distribution of the CD33+ PET-CT signal, wherein the tissue
or organ with a higher intensity of the CD33+ PET-CT signal
receives a higher dose, a higher frequency, or a longer
exposure of the ITMI therapy than the tissue or organ with
a lower intensity of the CD33+ PET-CT signal. In certain
embodiments, the vital organs, or the tissue or organ having
no CD33+ PET-CT signal does not receive any 1TMI
therapy. In certain embodiments, the method {further
includes admimstering to the subject a chemotherapy before
or after the fIMI therapy. In certain embodiments, the
combination of the fTMI therapy and the chemotherapy
results 1n a reduced dose, frequency, and/or intensity of the
T TMI therapy or the chemotherapy comparing to each of the
t_leraples used alone. In certain embodiments, the chemo-
therapy 1s AraC. In certain embodiments, the PET-CT scan-
ning 1s carried out about 6 hours, about 12 hours, about 18
hours, about 24 hours, about 30 hours, about 36 hours, or
about 48 hours after administration of the radioactive 1so-
tope-labeled anti-CID33 antibody. In certain embodiments,
the method further includes transplanting bone marrow to
the subject. In certain embodiments, the radioactive 1sotope-
labeled anti-CID33 antibody 1s administered to the subject by
intravenous injection, subcutaneous injection, or peritoneal
injection. In certain embodiments, the radioactive 1sotope 1s
conjugated to the anti-CID33 antibody via a chelating agent.
In certain embodiments, the chelating agent 1s 1,4,7,10-
tetraazacyclododecane-1.,4,7,10-tetraacetic acid (DOTA). In

certain embodiments, the radioactive 1sotope 1s 64Cu.

BRIEF DESCRIPTION OF THE

DRAWINGS

This application contains at least one drawing executed in
color. Copies of this application with color drawing(s) will
be provided by the Oflice upon request and payment of the
necessary lees.

FIGS. 1A-1G show anti-CD33 mAb antibody conjugated
with DOTA, radiolabeling, immunoreactivity and stability.
FIG. 1A shows that the murine anti-human CD33 mAb (lane
3), DOTA-anti-human CD33 mAb (lane 5) and DOTA-anti-
human CD33 mAb vialed product (lane 7) were analyzed on
an 1so-electrofocusing gel (Lane 1 and 9, Invitrogen IEF
standards). Coomasie Blue staining showed a shift to a more
acidic pH, confirming the conjugation process. The uncon-
jugated anti-CD33 antibody showed a family of bands with
an 1soelectric point (pl) of >6.9. Post-DOTA conjugation, the
pl of anti-CD33-DOTA shifted to a more acidic range of
~5.3-5.6. FIG. 1B shows that the DOTA-anti-human CD33
mAb was electrophoresed on a SDS-PAGE gel under non-
reducing (lane 3) and reducing conditions (lane 6) demon-
strating purity (Lane 1 and 8, see blue plus 2 standard). FIG.
1C shows analysis of °**Cu-DOTA-anti-CD33 by HPLC size
exclusion chromatography (SEC). Radiochromatogram
(green) of the purified °*Cu-DOTA-anti-CD33 shows effi-
cient labeling of anti-CD33-DOTA with Cu-64, with no
aggregates and a retention time around 40 minutes corre-
sponding to an intact mAb. FIG. 1D shows **Cu-DOTA-
anti-CD33 immunoreactivity. The purified **Cu-DOTA-

ant1-CD33 was incubated with soluble CD33-Fc antigen and
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analyzed by SEC. The radioactivity peak (blue) showed a
faster retention time (~30 minutes) indicating a shift to a
higher molecular size consistent with binding to CD33 Fc
antibody (67-85 kDa). FIG. 1E shows an overlay of SEC
radiochromatogram depicting a clear shift in **Cu-DOTA-
ant1-CD33 incubated with CD33-Fc implying CID33 speciiic
immunoreactivity. FIGS. 1F and 1G show that **Cu-DOTA -
ant1-CD33 stability was tested 1n vitro (FIG. 1F) and 1n vivo
(FIG. 1G) 1n mouse serum at different time points. SEC
chromatogram clearly indicates that the radiolabeled anti-
body was very stable even at 48 hours.

FIGS. 2A-2E show the anti-CD33-DOTA conjugated
antibody immunoreactivity and quantification of CD33 anti-
body molecules per cell using BD QuantiBRITE PE. FIG.
2A shows CD33 cell surface expression mmn AML and MM
cell line using anti-CD33-DOTA dylight-488. MV4-11 and
HIL-60 cells were 100% positive for CD33 whereas Kgla
had <30% cells positive for CD33. Therefore, for further
studies only MV4-11 and HL-60 AML cells were used. FIG.
2B shows CD33 immunofluorescence using anti-CID33-
DOTA-dylight 488. AML and MM cells were stained with
ant1-CD33-DOTA-dylight 488. HL60 and MV4-11 showed
CD33 mmmunofluorescence whereas negative control
MM.1S had no CD33 staining. Unstained cells were used to
set background, and all images were obtained with the same
settings 1n Zeiss AxioObserver Z1 florescent microscope.
FIG. 2C shows histogram representing PE associated flo-
rescence (log values) and the interval gates were adjusted
around each four bead peaks and labeled as Low, Med Low,
Med High and High. FIG. 2D shows linear regression plots
for the number of PE molecules per bead (x axis) against

fluorescence (y axis) (log 10 values). FIG. 2E shows CID33
antibody per cell in AML and MM cell line. AML HL60

had
more CD33 on cell surface than MV4-11 while MM. 1S had
no CD33 molecules.

FIGS. 3A-3F show PET-CT 1images and biodistribution of
64Cu-DOTA-anti-CD33 antibody in AML and MM bearing
mice. Representative PE'T-C'T and bioluminescence images
(BLI) are shown from AML, MM bearing, and no leukemia
control mice. Cu-64-anti-CD33-DOTA (10 ug/100 uCi) was
injected into these mice via tail vein 24-48 hours belore
PET-CT 1 1mag1ng or biodistribution was carried out. FIG. 3A
shows PET-C'T images (Coronal) demonstrating CID33 activ-
ity in AML bearing mice. FIG. 3B shows PET-CT 1mages
(sagittal) demonstrating CID33 activity in AML mice. FIG.
3C shows bioluminescence (BLI) images of AML, cold
blocked AML, MM.1S and no leukemia control mice. FIG.
3D shows PET-CT images (coronal) of AML bearing mice
highlighting CID33 + regions 1n the skeletal system. FIGS. 3E
and 3F show that biodistribution of 64Cu-DOTA-ant1-CD33
in bones and different tissues was conducted 24 hours (FIG.
3E) and 48 hours (FIG. 3F) post injection. Plot of % ID/g of
different tissues has been shown, indicating that CID33
activity was high 1n bones of MV4-11 mice whereas no
activity was seen in CD33-MM. 1S, cold blocked MV4-11,
or no leukemia control mice. The % ID/g between groups
was msignificant for blood, heart, liver, lung and kidney.
Statistical significance was determined using “t” test and
considered significant when <0.05. Biodistribution and
imaged PET activity of 64Cu-DOTA-anti-CD33 was pre-
sented as the percentage of the injected activity per gram of

organ/tissue.
FIGS. 4A-4B show bio-distribution of 64Cu-DOTA -anti-

CD33 antibody 1n HL-60 AML and control (no leukemia)
mice. Biodistribution of 64Cu-DOTA-ant1-CD33 1n bones
(F1G. 4A) and different tissues (FI1G. 4B) was conducted 48

hours post 1njection. Plot of % ID/g of different tissues has
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been shown 1n the figure and evidently the CD33 activity
was significantly high in bones of HL-60 AML mice in
comparison to no leukemia control mice. The % ID/g
between groups was slightly significant for blood and lung
whereas heart, liver, stomach, small and large intestine and
kidney were not significant. Statistical significance was
determined using ANOVA and multiple “t” test and consid-

ered significant when P<0.05.
FIGS. 5A-5B show biodistribution of 64Cu-DOTA-anti-

CD33 1n bones (FIG. 5A) and different tissues (FIG. 5B)
observed 24 hours/48 hours post 1njection.

FIGS. 6A-6D show the sensitivity and specificity of
ant1-CD33 1mmaging method and correlation with leukemia
engraftment. Sensitivity and specificity were calculated as
described 1n Example 1. FIG. 6 A 1s the ROC curve showing
sensitivity vs 100-specificity for the 64Cu-DOTA-anti-
CD33 imaging was generated using biodistribution data
(n=115 mice). The imaging method has a sensitivity of
~95.5% and specificity of 100%. Therefore, this 1s a very
reliable imaging method to detect AML. FIGS. 6B and 6C
show correlation curve for % engraitment vs % ID/g for
temur (FIG. 6B) and L-spine (FIG. 6C) (n=5 mice). A very
high correlation was observed between leukemia engraft-
ment and Cu-64-anti-CD33 activity 1 left femur
(R°=0.9854) and L-spine (R*=0.8027). Engraftment was
determined using flow cytometry. FIG. 6D shows a corre-
lation curve for CD33 PET contour signal vs BLI signal
(n=5 mice). Strong correlation (R*=0.9262) was seen
between BLI signal vs PET signal; however, the spatial
resolution was high in PET whereas 1n BLI 1t was poor. The
data was assumed for Gaussian distribution, and Pearson’s
correlation coelflicients were calculated using Prism soft-
ware. The p value was calculated using two tailed “t” test
and considered significant 11 <0.05.

FIGS. 7A-7TB show spatial distribution of AML. FIG. 7A
shows spatial distribution of AML 1n femur and tibia. The
PET-CT i1mages (coronal) of representative AML bearing
mice show pretferential niche to the joints in the early stages
of the disease. FIG. 7B shows a representative PET CT
image (sagittal) of spine from AML bearing mice showing
leukemia burden-dependent CD33+ activity. The leukemia
was localized 1n the early disease stage (>>10% engraftment);
however, with increased leukemic burden (>10%), 1t spread
and appeared systemic.

FIGS. 8A-8E show a functional total marrow irradiation
(fTMI) treatment plan showing augmented dose painting.
PET-CT mmages indicate CD33+ avid regions, and using
these 1mages a molecular image-guided 1TMI treatment plan
was developed. Two Gy TMI treatment with 2 Gy boost to:
coronal slice of hip & shoulder joint regions (FIG. 8A),
coronal slice of knee & elbow joint regions (FIG. 8B), and
sagittal slice of L spine region (FIG. 8C). Boosted CD33+
avid regions are shown with yellow color. FIG. 8D shows
dose-volume histograms (DVH) of the 1 TMI treatment plan
results for 5 mice recerving 2 Gy TMI with 2 Gy boost. FIG.
8E shows Kaplan Meier curve representing survival of 1 TMI
and/or AraC treated and untreated mice. The data clearly
indicate I TMI+AraC treatment increased survival of mice by
about 17 days and about 10 days longer than untreated and
AraC ftreated mice, respectively.

FIGS. 9A-9C show an 1TMI treatment in 1immuno-com-
promised (NSG) and immuno-competent (B6) mouse mod-
els. TTMI in combination with chemotherapy was etlective
in reducing the disease burden and increasing survival of
AML bearing mice 1 both model systems. FIG. 9A shows
Kaplan Meier survival curve for ITMI with chemotherapy
treated NSG mice. FIG. 9B shows disease monitoring pre-
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and post-treatment using BLI. Representative BLI images
from different groups pre- and post-treatment. AML mice

receiving IIMI treatment with chemotherapy showed
decrease 1n leukemic burden 2 weeks post intervention and
subsequently increased median survival (44 days) compared
to that of untreated control (28.5 days) or AraC treated mice
(32.5 days). The ITMI-chemo study was repeated twice with
at least n=3 mice per group. FIG. 9C shows Kaplan Meier
survival curve for ITMI with chemotherapy treated B6 mice.
The B6 mice were imjected with murine AML cell line
MLL-AF9. The B6 mice were more radiation tolerant than
NSG and hence received higher doses viz 6 Gy TMI and 3
Gy boost 1n two fractions (total 12 Gy TMI and 6 Gy boost).
Day 3 post radiation, mice were transplanted with 2x106
total bone marrow cells. ITMI with chemotherapy treated
mice had a median survival of ~39 days whereas conven-
tional chemotherapy (AraC) treated mice survived 33 days,
and untreated mice survived only 26.5 days.

FIG. 10 shows humanized anti-CD33 immunoreactivity

in AML cell line. The humanized anti-CD33 antibody
detected CD33 1n both AML cells but not in CD33-MM.15.

DETAILED DESCRIPTION

Disclosed herein 1s an anti-CD33 monoclonal antibody
(mAb) used for immuno-positron emission tomography
(PET) imaging of AML. CD33 or SIGLEC3 1s a cell surface
marker found on myeloid stem cells, monoblasts, myelo-
blasts, monocytes/macrophages, and granulocytic precur-
sors. However, CD33 1s not expressed on erythrocytes,
platelets, B-cells, T-cells, or NK cells, making 1t a suitable
myeloid marker and therefore commonly used 1n the diag-
nosis of AML. CD33 has been shown to be expressed in
more than 85% of AML cells (blasts) [3], and an increased
level of CD33 has been correlated with poor survival [6].
PET and computed tomography (CT) 1s an important
imaging modality used in nuclear medicine. PET has an
advantage 1n providing physiological and biochemical infor-
mation to identily normal versus malignant lesions, but
lacks anatomical details. However, CT provides high-reso-
lution 1mages with substantial anatomical details but lacks
physiological mformation. Therefore, 1n the past decades,
the two 1maging modalities have been integrated forming
PET/CT, which provides accurate diagnosis with anatomical
details which 1s crucial 1n biopsy and focal radiotherapy [7].

In relapsed/refractory AML patients who are undergoing
hematopoietic stem cell transplantation (HSCT) with active
disease, the current conditioning regime 1s often not suil-
cient for disease control. Increased radiation and chemo-
therapy may reduce the leukemia burden [8]; however,
mortality from toxicities related to chemotherapy and high-
dose total body 1rradiation (TBI) offsets any improvements
in relapse rate [9]. In a recent study, leukemia-rich regions
in the skeletal and lymphoid system were targeted using a
C'T-based image-guided precise radiation treatment modal-
ity (total marrow and lymphoid irradiation, TMLI) along
with chemotherapy in the setting of HSCT. Although the
treatment yielded progress reducing the relapse rate in high
risk AML patients, the rate remained high [10]. The molecu-
lar 1imaging technique may help further target dose escala-
tion to sites of high disease burden to enhance the thera-
peutic gain and limit doses to hematopoietic tissues and vital
organs [11]. However, the feasibility and benefits of target-
ing CD33-positive avid leukemia with targeted radiation are

unknown.
Described herein 1s an imaging method using an antibody

conjugate such as 64Cu-DOTA-ant1-CD33 immuno-PET-
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CT mmaging for the detection of CD33+ AML cells 1n a
mouse xenograit model. Besides detecting AML, unexpect-
edly, this imaging modality also provided information about
the spatial distribution of disease in the whole body. There-
fore, with a theranostic objective, the feasibility and eflicacy
of treating these CD33-avid high disease burden sites (rep-
resenting spatial heterogeneity) using both PET and CT
image-guided precision radiation treatment in the form of
functional targeted marrow 1rradiation (1TMI) 1n combina-
tion with chemotherapy 1s demonstrated in this disclosure.

Disclosed herein 1s a non-invasive anti-CD33 immuno-
PET-CT imaging method for the 1n vivo detection of AML
disease with high sensitivity and specificity. Diagnostic and
prognostic markers facilitate stratifying patients for treat-
ment management. However, the current clinically approved
diagnostic method 1s 1vasive, relying on single point (1liac
crest) biopsies, which: 1) may not always be representative
of the actual disease state, and 2) limits the number of times
it may be performed Therefore, in leukemia non-invasive
PET-imaging using PET tracers including F18-FDG (meta-
bolic activity) and F18-FLT (cell proliferation) have been
tested for diagnosis and monitoring treatment response [11,
18-20]. Although FDG-PET has shown some success 1n
diagnosing extramedullary disease in AML [21], 1t has also
yielded highly inconsistent results because of changes in the
metabolic activity of normal/tumor cells post treatment [22,
23]. Also, a recent study indicated that FLT-PET could
identify the nisk of early relapse in the spine prior to
evidence of relapse by detection of minimal residual disease
(MRD) [24]. However, these PET tracers are non-specific 1n
that they detect metabolically active or highly proliferating
cells, unlike CD33-PET imaging, which specifically detects
cells expressing CD33, an accepted biomarker for AML.
Therefore, CD33-based 1maging can improve detection of
AML with high specificity in the whole body. This approach
can also provide a blueprint for selecting biopsy sites that
would be greatly usetul for early detection and longitudinal
monitoring of treatment response.

As demonstrated 1n the working examples, the 64Cu-
DOTA-anti-CD33 mAb PET was used to detect AML 1n
vivo, showing very high specificity and sensitivity to CD33+
AML. The spatial information was achieved with whole
body CT based 3D anatomical imaging. Notably, a spatial
heterogeneity in the distribution of AML within the skeletal
regions was observed, which would not be established with
point biopsies. For example, CD33 activity was especially
prominent 1n the L-spine and distal and proximal femurs,
indicating a preferential niche for the disease at early stages.
However, when the disease progressed, this spatial hetero-
genicity was reduced and the disease appeared to be more
systemic. This finding suggests, contrary to previous beliets,
that leukemia may be mmitiated in multiple preferential
niches, characterized by multifocal disease before becoming,
more systemic.

Several approaches involving CD33-targeted therapeutics
have been developed for AML. Recently, a CD33 monoclo-
nal antibody, (gemtuzumab ozogamicin [Mylotarg]) has
been FDA-reapproved for AML immunotherapy. Although
positive results have been reported from clinical trials of
CD33-targeting drugs, dose limiting toxicities such as hepa-
totoxicities [25] during treatment are of concem.

Another novel application of functional imaging 1s the
possibility to target these high disease burden sites with
augmented doses of radiation (or dose painting) to enhance
therapeutic gain. This strategy 1s exemplified in the clinical
treatment planming simulation of fTMI using FLIT-PET
imaging [11] and suggests that high-disease burden areas
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(potentially leukemia niches) can be targeted with an
clevated radiation dose, thus inflicting increased damage to
disease sites while protecting the bulk of the marrow func-
tion and also preserving the functions of vital organs.
However, dose escalation using TMI can also reach a limait
(20 Gy), because of increasing dose exposure to vital organs.
Additionally, it may also unnecessarily cause damage to the
entire bone marrow. Thus, TTMI 1s expected to further
advance TMI through molecular image-guided dose escala-
tion to desired sites. The benefit of an TMI treatment
regimen will require pre-clinical validation. The disclosed
novel preclinical 1TMI modality using CD33 PET imaging
and precision radiation delivery demonstrates the survival
benefit of ITMI compared to conventional chemotherapy.
High disease burden (CD33+ve) 1n these mice accounted for
about 10-20% of the total skeletal volume. Therefore, local-
1zed radiation boosts to sites of high disease burden would
enhance increased tumor cell killing without damaging the
entire skeletal system. Therefore, ITMI facilitates preserving
the majority of the bone marrow. Doses to the whole bone
marrow are still required for successtul treatment.

As the preclinical study was conducted using a murine
ant1-CD33 mAb, clone p67.6, for translational purposes, a
new humanized anti-CIDD33 monoclonal antibody was gen-
erated for human 1maging and treatment.

Thus, the human anti-CD33-PET-CT imaging modality
disclosed herein can successtully detect AML 1n vivo, which
can be used for diagnosis and monitoring treatment response
in the whole body, including extramedullary disease. The
molecular 1maging method also detected heterogeneity in
the spatial distribution of the AML, warranting caution in
interpreting results from single-point biopsies. Furthermore,
the therapeutic potential of this diagnostic imaging method
was validated using a novel image-guided precision radia-
tion treatment plan (ITMI). As a result, anti-CD33 PET-CT
1s a viable AML theranostic imaging method with transla-
tional potential.

Disclosed herein i1s a non-invasive PET-CT imaging
method of detecting AML 1n vivo 1n a subject. The imaging
method can be used for diagnosis and monitoring treatment
response 1n the whole body, including extramedullary dis-
case (MED). The mmaging method also can be used to
determine heterogenicity in the spatial distribution of the
AML. The method comprises administering to a subject an
cllective dose of a radioactive isotope-labeled anti-CID33
antibody, exposing the subject to PET-CT scanning, and
detecting CD33+ PET-CT signal 1n tissue or organ of the
subject to determine the presence of the AML cancer cells.
In some embodiments, the PE'T-CT scanning 1s carried out
about 6 hours, about 12 hours, about 18 hours, about 24
hours, about 30 hours, about 36 hours, or about 48 hours
after administration of the radioactive 1sotope-labeled anti-
CD33 antibody. In some embodiments, the radioactive 1so-
tope-labeled anti-CIDD33 antibody 1s administered to the
subject by 1travenous injection. In some embodiments, the
radioactive 1sotope 1s 64Cu. In some embodiments, the
radioactive 1sotope 1s conjugated to the antibody via DOTA.
In another aspect, disclosed herein 1s a method of treating,
AML or EMD 1 a subject. The method comprises admin-
istering to a subject an eflective dose of a radioactive
1sotope-labeled ant1-CD33 antibody, exposing the subject to
PET-CT scanning, detecting CD33+ PET-CT signal 1n tissue
or organ of the subject to determine the presence of the
cancer cells, and adminmistering fTMI therapy to the subject
based on the distribution of the CD33+ PET-CT signal,
wherein the tissue or organ with a higher intensity of the
CD33+ PET-CT signal receives a higher dose, a higher
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frequency, or a longer exposure of the TMI therapy than the
tissue or organ with a lower intensity of the CD33+ PET-CT
signal. In some embodiments, the vital organs, or the tissue
or organ having no CD33+ PET-CT signal does not receive
any 1TMI therapy. One or more treatment cycles of ITMI can
be administered at a desired interval at the same dose or
different doses. In some embodiments, the method further
comprises administering to the subject a chemotherapy
betore or after the 1TMI therapy. One or more chemothera-
peutic agents for treating AML or EMD can be used. In some
embodiments, the combination of the fTMI therapy and the
chemotherapy results 1n a reduced dose, frequency, and/or
intensity of the TTMI therapy or the chemotherapy compar-
ing to each of the therapies used alone. In some embodi-
ments, the Chemotherapy 1s AraC. In some embodiments, the
PET-CT scanning 1s carried out about 6 hours, about 12
hours, about 18 hours, about 24 hours, about 30 hours, about
36 hours, or about 48 hours after administration of the
radioactive 1sotope-labeled anti-CD33 antibody. In some
embodiments, the method further comprises transplanting
bone marrow to the subject. In some embodiments, the
radioactive 1sotope-labeled anti-CID33 antibody 1s adminis-
tered to the subject by intravenous injection. In some
embodiments, the radioactive 1sotope 1s 64Cu. In some
embodiments, the radioactive 1sotope 1s conjugated to the
antibody via DOTA.

In a related aspect, disclosed herein 1s a humanized
anti- CD33 antlbody suitable for the PE'T/CT imaging of a
subject suflering from or at an elevated risk of suflering from
AML. In some embodiments, the antibody 1s labeled by a
radioactive i1sotope. In some embodiment, the antibody 1s
64Cu-DOTA-anti-CD33 antibody.

In an eflort to improve theranostic, therapeutic eflicacy
and increase clinical relevance, a “humanized” ant1-CD33
antibody was used for the current study. It 1s within the
purview of one skilled 1n the art to make necessary modi-
fication of this antibody, for example, to facilitate the
antibody conjugating to a suitable radioactive 1sotope such
as 64Cu wvia 1.,4,7,10-tetraazacyclododecane-1.,4,7,10-tet-
raacetic acid (DOTA) without significantly lowering the
binding athnity and specificity for CD33 and without sig-
nificantly decreasing the ability to specifically target CID33-
expressing cancer cells 1n vivo. In some embodiments, other
radioactive 1sotopes can be used with or without a chelant
agent. For example, 1241 can be conjugated to the antibody
without a chelant agent. Alternatively, 177Lu, 90Y and
225Ac can be conjugated to the antibody via DOTA {for
therapy, and 111In can be conjugated to the antibody wvia
DOTA for imaging. In some embodiments, the modified
humanized anti-CID33 antibodies or fragments thereol can
be used as long as the binding aflinity and specificity for
CD33 1n vivo are not significantly compromised. Thus,
humanized antibodies and/or monoclonal antibodies can be
used to maximize the specific binding and cancer imaging or
detection.

As used herein, the term “antibody” refers to monoclonal
antibodies, polyclonal antibodies, and antibody fragments
prepared by recombinant nucleic acid techniques. The term
may refer to an intact tetrameric immunoglobulin containing,
two complete light chains and two complete heavy chains,
cach with a variable region and a constant region. Alterna-
tively, 1t may refer to a fragment thereol, such as an Fv
fragment (containing only the variable regions of the light
and heavy chains), an Fab fragment (containing the variable
regions and some eclements of the constant regions), a
diabody, a single-chain antibody, or any other antibody
fragment.
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The term “humanized antibody™ as used herein refers to
an antibody containing structural elements of a human

antibody (the acceptor) and the antigen binding site of a
non-human antibody (the donor). “Humanized antibodies™
contain a minimal number of residues from the non-human
antibody. For instance, they may contain only the CDR
regions of the non-human antibody, or only those residues
that make up the hypervariable regions of the non-human
antibody. They may also contain certain residues from
outside the variable regions of the non-human polypeptide,
such as residues that are necessary to mimic the structure of
the non-human antibody or to minimize steric interference.
In addition, humanized antibodies may contain residues that
do not correspond to either the human or the non-human
antibodies. The antibody conjugate disclosed herein such as
the Cu-64 labeled, humanized anti-CD33 monoclonal anti-
body can be administered to a subject by subcutaneous,
peritoneal, intravenous, intravascular, intramuscular, intrad-
ermal or transdermal injection, among other methods. In
some embodiments, the radioactive 1sotope conjugated anti-
body can be administered by intravenous, subcutaneous or
peritoneal administration. The 64Cu-DOTA-ant1-CD33 anti-
body disclosed herein may be administered at a dose sulili-
cient for detection by a scanning device.

The following examples are provided to better illustrate
the claimed invention and are not to be interpreted as
limiting the scope of the invention. To the extent that specific
materials are mentioned, 1t 1s merely for purposes of illus-
tration and 1s not intended to limit the invention. One skilled
in the art may develop equivalent means or reactants without
the exercise ol mmventive capacity and without departing
from the scope of the mvention.

Example 1: Materials and Methods

Cell culture: Human AML cells (HL60, MV4-11, Kgla),
a murine AML cell line (MLL- AfQ’) and multiple myeloma
(MM) cells MM.1S were used 1n this study and cultured
using standard tissue culture condition. More specifically,
human AML, MV4-11 cells, HL-60 cells, Kgla and a
murine AML cell line, MLL-AF9-GFP were obtained {from
Dr. Ching-Cheng Chen (City of Hope, Calit.). GFP-Lucifer-
ase positive (Gip/Luc) MM.1S MM cells were provided by
Dr. Xiuli Wang (City of Hope, Calif.). Parental cell lines
were originally purchased from the American Tissue Culture
Collection (U.S.A.). Human AML cell lines were cultured 1n
IMDM medium; MLL-AF9 and MM cells were grown 1n
RPMI-1640 medium. All media were supplemented with
10% fetal bovine serum. Cells were cultured at 5% CO2, 37°
C. 1n a humidified incubator. MV4-11 and HL-60 cells were
100% positive for CD33 while Kgla had <30% cells posi-
tive for CD33. Theretfore, for further studies only MV4-11
and HL-60 AML cells were used (FIG. 2A).

Antibody: Murine anti-human CD33 clone p67.6 1s an
IgG1 kappa monoclonal antibody (mAb) that targets human
CD33-positive cells of the myeloid lineage [12, 13]. The
hybridoma was produced in a hollow fiber bioreactor and

purified by Protein G and cation exchange chromatography.
Anti-human CD33 PE (Clone WM 53) was obtained from

BD Biosciences. Anti-human CD45 (clone: 2D1) was
obtained from BioLegend, San Diego, Calif.

Humanized anti-CD33: The murine anti-CD33 MI195
mAb was humanized by CDR grafting to reduce human
anti-mouse antibody responses [14, 15]. The scFv was
reformatted to a human IgG1 antibody by cDNA synthesis,
transiently expressed i HEK293 cells and punified by
Protein A chromatography.




US 11,666,672 B2

11

The sequences for the light and heavy chains encoding
huM195 (a.-CD33) full-length mAb are shown below. The

light chain contains the VL domain of huM1935 fused to the
kappa CL domain of M5A. The heavy chain contains the VH
domain of huM195 fused to the constant heavy (CHI1-3)
domains of M5A.

huM195 (a-CD33) light chain (SEQ ID NO: 1) (the

underlined sequence 1s the Kozak sequence and the
sequence 1n bold and 1talic 1s the leader signal sequence):

CCGCCACCATGGAAACOGACACACTGCTGCTGTGGCTGCTGCTT

TTGTGGGTGCCAGGCTCTACCGGCGACATCCAGATGACACAGAGCCCT

TCTAGCCTGAGCGCCTCTGTGGGCGATAGAGTGACCATCACATGTAGAGC
CAGCGAGAGCGTGGACAACTACGGCATCAGCTTCATGAACTGGTTCCAGC
AGAAGCCCGECAAGGCCCCTAAACTGCTGATCTACGCCGCCAGCAATCAA
GGCAGCGGAGTGCCTAGCAGATTTTCTGGCAGCGGCTCTGGCACCGACTT
CACCCTGACAAT TAGCAGCCTGCAGCCTGACGACTTCGCCACCTACTACT
GCCAGCAGTCTAAAGAGGTGCCCTGGACCTTTGGACAGGGCACCAAGGTG
GAAATCAAGAGAACAGTGGCCGCTCCGAGCGTGTTCATCTTTCCACCAAG
CGACGAGCAGCTGAAAAGCGGAGCCGCTTCTGTCOGTGTGCCTGCTGAACA
ACTTCTACCCCAGAGAAGCCAAGGTGCAGTGGAAGGTGGACAATGCCCTG
CAGAGCGGCAATAGCCAAGAGAGCOGTGACCGAGCAGGACAGCAAGGATAG
CACATACAGCCTGAGCAGCACACTGACCCTGAGCAAGGCCGACTACGAGA
AGCACAAAGTGTACGCCTGCGAAGTGACACACCAGGGCCTGTCTAGCCCT

GTGACCAAGAGCTTCAACCGGGGCGAGTOETTGA

huM195 (a-CD33) heavy chain (SEQ ID NO: 2) (the

underlined sequence 1s the Kozak sequence and the
sequence 1n bold and italic 1s the signal sequence):

GCCGCCACCATGAAGTGCASCTGGGTCATCTTCTTTC TGATGGCC

GTGCTCACCGGCGTGAACTCTCAGGTTCAACTGGTGCAGTCTGGCGCCG

AAGTGAAGARAACCTGGCAGCTCTGTGAAGGTGTCCTGCAAGGCCAGCGGC

TACACCTTTACCGACTACAACATGCACTGGLTCCGACAGGCTCCAGGACA

GGGACTCGAGTGGATCGGCTACATCTACCCTTACAATGGCGGCACCGGCT

ACAACCAGAAGTTCAAGAGCAAGGCCACCATCACCGCCGACGAGAGCACA

AACACAGCCTACATGGAACTGAGCAGCCTGAGAAGCGAGGACACCGCCGT

GTACTATTGTGCCAGAGGCAGACCCGCCATGGATTATTGGGGACAGGGCA

CCCTGGTTACCGTGTCTAGCGCCTCTACAAAGGGCCCTAGTGTGTTCCCT

CTGGCTCCTAGCAGCAAGAGCACATCTGGETGGAACAGCCGCTCTGGEGECTG

CCTGGET CAAGGATTACT TTCCTGAGCCTGTGACCGTGTCCTGGAATAGCG

GAGCACTGACAAGCGGCGETGCACACATTTCCAGCTGTGCTGCAGAGCAGC

GGCCTGTACTCTCTGTCTAGCGTGGTCACAGTGCCTAGCTCTAGCCTGEG

CACCCAGACCTACATCTGCAACGTGAACCACAAGCCTAGCAACACCAAGG

TGGACAAGAAGGTGGAACCCAAGAGCTGCGACAAGACCCACACCTGETCCT

CCATGTCCTGCTCCAGAACTGCTCGGCGLGACCCTCCGTTTTCCTGTTTCC

ACCTAAGCCTAAGGACACCCTGATGAT CAGCAGAACCCCTGAAGTGACCT
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-continued

GOGTGGTGGTGGATGTGTCCCACGAGGACCCAGAAGTGAAGTTCAATTGG
TACGTGGACGGCGETGGAAGTGCACAACGCCAAGACCAAGCCTAGAGAGGA
ACAGTACAACAGCACCTACAGAGTGGETGTCCGTGCTGACCGTGCTGCACC
AGGATTGGECTGAACGGCAAAGAGTACAAGTGCAAGGTGTCCAACAAGGCT
CTGCCCGCTCCTATCGAGAARACCATCTCCAAGGCCAAGGGCCAGCCAAG
AGAACCCCAGGTT TACACACTGCCTCCAAGCAGGGACGAGCTGACCAAGA
ATCAGGTGTCCCTGACCTGCCTCOTGAAGGGCTTCTACCCTTCCGATATC
GCCGTGGAATGGGAGAGCAATGGACAGCCCGAGAACAACTACAAGACAAC
CCCTCCTGTGCTGGACAGCGACGGCTCATTCTTCCTGTACAGCAAGCTGA
CAGTGGACAAGTCCAGATGGCAGCAGGGCAACGTGTTCAGCTGTTCTGTG
ATGCACGAGGCCCTGCACAACCACTACACCCAGARAAAGCCTGTCTCTGAG

CCCCGGCAAATGA

Anti-human CD33 antibody DOTA and °*Cu conjugation:
The mouse and humanized anti-human CD33 mAb were
conjugated with the metal chelator 1,4,7,10-tetraazacy-
clododecane-N,N'N" N"'-tetraacetic acid (NHS-DOTA;
Macrocyclics, Dallas, Tex.) as previously described [16].
Brietly, 5 mg of antibody was buller exchanged into sodium

bicarbonate bufler, conjugated to NHS-DOTA, (DOTA:mAb
molar ratio of 30:1, 1 hour at room temperature), bufler
exchanged mto 0.25 M ammonium acetate pH 7.0, and

concentrated to >5 mg/ml.
Anti-CD33-DOTA mAb was radiolabeled with °*Cu

(Mallinckrodt Institute of Radiology, Washington University

School of Medicine) at a specific activity of 10 uCi/mg 1n
0.25 M NH,OAc, pH 5.0 for 45 min at 43° C., chased with

1 mM diethylenetriamine pentaacetic acid (DTPA), follow-
ing which the °*Cu-DOTA-anti-CD33 conjugate was puri-
fied on a size-exclusion Superdex-200 preparative column

(GE Healthcare Life Sciences).

The anti-human CD33 mAb, DOTA-anti-human CD33
mAb and DOTA-anti-human CD33 mAb wvialed product
were analyzed by SDS-PAGE (4-12% gradient polyacryl-
amide) and 1soelectric focusing, and the gels were stained
with Coomassie Brilliant Blue for visualization.

Flow cytometry: Flow cytometry was used to analyze
CD33 and CD45 expression in human AML (MV4-11, HL
60 and Kgla) and multiple myeloma cells (MM1S) using
mouse anti-human CD33 and CD435 antibodies. Staining and
flow cytometry analysis was performed as per standard
protocols. Data were acquired from a BD Fortessa cytometer
and analyzed 1n FlowJo V 10.0 software.

Anti-CD33-DOTA immmunoreactivity: All radiolabeled
antibodies were analyzed for immunoreactivity to soluble
CD33 by a hiquid phase assay incubating the radiolabeled
protein with 20 equivalents by the mass of purified CD33 at
3°7° C. for 15 min. The resultant solution was analyzed by
HPLC-SEC using a Superose 6 10/300 GL column (GE
Healthcare). Anti-CD33 immunoreactivity was determined
by integrating the area on the HPLC radiochromatogram and
calculating the percentage of radioactivity shifting to higher
molecular weights, consistent with binding to CD33 Fc
antibody (67-85 kDa).

Stability Studies: Protein stability studies were performed
on **Cu DOTA-anti-CD33 incubated in fresh mouse serum
at 37° C. Aliquots were analyzed on an HPLC SEC Superose
6 column at 4 hours, 24 hours and 48 hours, respectively.
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Dylight-488 conjugation of Clone P67.6: The P67.6 anti-
body was conjugated to Dylight-488 as per manufacturer’s
protocol (Abcam Dylight® 488 Fast Conjugation Kit
(ab201799). Brietly, to 100 ng of antibody (in 100 ul) 10 ul
of modifier reagent (1 ul/10 pl antibody mix, [1:10 v/v]) was 5
added. The mixture was then added to Dylight-488 conju-
gation reagent and incubated for 15 min in the dark. The
reaction as stopped by adding 10 uL (1 ul/10 pl antibody
mix, (1:10 v/v)) of quenching reagent.

CD33 expression: The cell surface expression of CD33 on 10
AML cells and multiple myeloma cells was determined
using BD QuantiBRITE PE system as per the manufactur-

1

er’s instruction. Briefly, 1x10° cells were stained with PE-
conjugated anti-CD33 MoAb (BD BlOSClences) and 20,000
events were acquired for each sample using BD Fortessa 15
cytometer, and data were analyzed using FlowJo V10.0. The
BD QuantiBRITE PE contains four sets of beads with
PE-molecules covalently attached to beads at four different
levels. Geometric means (MFI) of all four beads were
determined and using lot-speciﬁc values for the PE mol- 20
ecules per bead (provided in each BD Quantibrite PE kat
box) log 10 for geometric mean (MFI) and for the PE-
molecules per bead was calculated. Then, a linear regression
was plotted for log 10 PE molecules per beads against Log

10 geometric mean using y=mx+c¢ equation, where y equals 25
Log 10 geometric mean and x equals Log 10 PE molecules
per bead. The CD33 molecules per cell on AML cells were
determined by substituting the Log geometric means (y) 1n
the equation and solved for Log PE molecules per cell (x).
Anti-log of x resulted 1n the total number of CD33 molecules 30
per cell.

Lentivirus preparation and transduction into MV4-11 cell
line: MI-Luciferase-IRES-mCherry was a giit from Xiaop-
ing Sun (Addgene plasmid #75020) [26]. MI-Luciferase-
IRES-mCherry plasm 1d (10 ng) co-expressing mCherry and 35
luciferase along with VSVG envelope and CMYV packaging
vectors were transfected into HEK293T cells, and superna-
tant was collected at 72 hours. The supernatant containing,
viral particles was mixed with 5x PEG (SBI system Bio-
systems, Palo Alto, Calif.) and kept overnight at 4° C. 1n the 40
rotor. The next day, the supernatant was centrifuged at 2000
rpm for 10 minutes to collect viral particles 1n a pellet, which
was re-suspended imto serum free X-VIVO™ 10 media
(Lonza) and stored at —80° C. until further use. The titer of
the viral particles was quantified using transducing HEK 45
cells. The MV4-11 cells were transduced with 10 ul of viral
particles 1n a 96-well plate 1n the presence of 8 ng/ml
polybrene and centrifuged at 1600 rpm for 60 minutes at
room temperature on the first day and the second day. The
transduced MV4-11 cells were transierred into fresh IMDM 50
media at 48 hours and allowed to expand for another 1-2
days. The transduced mCherry-positive cells were sorted on
a BD FACSAna III (BD Biosciences) tlow-cytometry sorter
and used for in-vitro luciferase expression validation and
in-vivo transplantation experiments. 55

Bioluminescence imaging (BLI) of Leukemia cells in
vivo: For non-invasive assessment ol leukemic burden,
whole body imaging was performed every week using the
LagoX Imaging System (Spectral Imaging, Tucson, Ariz.).
Mice were injected with D-Luciferin solution (1.p. 150 60
mg/kg), and 5 minutes later the mice were anesthetized with
isoflurane (Faulding Pharmaceuticals) and imaged. Supine,
prone and side view 1mages were acquired for 10-30 seconds
and using AMIView soltware the photon emission transmit-
ted from mice was captured and quantitated in photons/ 65
sec/“"*/sr. Further analysis of the images was done using
Aura 2.0.1 software.
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Diagnostic accuracy: Sensitivity was calculated by taking
the ratio of CD33+ AML mice that had a percent 1D/g above
a given threshold, to the total number of CD33+ mice.
Specificity was calculated by taking the ratio of CD33- mice
that had a percent ID/g below the same threshold to the total
number of CD33- mice. The diagnosis percent 1DD/g thresh-
old was set at 2.75% for biodistribution data of whole leit
temur. All Mice in AML group (both MV4-11 and HL-60)
were considered positive for CD33+ leukemia 1f they con-
tamed CD33+ cells in the left femoral bone marrow as
determined by flow cytometry.

microPET-CT mmaging and biodistribution studies: Mice
bearing CD33-positive AML cells (MV4-11, HL-60),
CD33-negative MM cells (MM1S) or non-leukemic control
mice were injected IV with **Cu-DOTA-anti-CD33 (100
uCi/10 pg), or **Cu-DOTA-anti-CD33 (100 nCi/10 pg)+500
ug of unlabeled ant1-CD33-DOTA (1:50). Each group con-
sisted of at least 5 mice; representative data for each group
are presented. Static PET scans were acquired at 1 day (40
minutes scan), and 2 days (60 minutes scan, with whole
body CT at 100 um resolution) post-injection usmg InVeon
PET/CT (Siemens). For biodistribution studies, mice were
cuthanized at 24 hours and/or 48 hours, both time points
showed activity. Various organs were obtained from control
and AML leukemia-bearing mice. Wet weights of each organ
were determined, and radioactive counts from each tissue/
organ were measured using a WIZARD?2 automatic gamma
counter (PerkinElmer). Biodistribution and imaged PET
activity of °*Cu-DOTA-anti-CD33 was presented as the
percent injected dose per gram or organ/tissue (% ID/g).
MV4-11 with cold-CD33 block and CD33-MMI1S served as
negative controls. Post Processed PET image analysis was
performed by Vivoquant (Invicro).

Molecular image-guided radiation treatment with func-
tional TMI: Briefly, a cone beam CT (CBCT) of an 1rradiator
was used to acquire whole body mouse CT imaging. This CT
image was then combined with CD33 based PET-CT images
to contour/define regions of high levels of leukemia activity
(PET signal greater than 10% ID/g was considered regions
of high activity). Three-dimensional (3D) dose calculations
were performed using the SmART-treatment plan [17]. The
T TMI was performed in three steps: First, the TMI treatment
plan was calculated based on whole body CT scanning
targeting the entire skeletal system and other disease sites
(e.g., spleen) while sparing vital organs (lungs, liver, kidney,
intestine). Second, regions with high activity were selected
for further dose escalation (boost) and then combined with
two treatment plans to develop {TMI. Third, planned 1TMI
was delivered under anesthesia, and target positions were
verified using 3D CT scanning prior to radiation delivery.
The NSG mice recerved TMI (2 Gy) and boost radiation (2
Gvy) to regions with high CD33 PET activity including joints
in the femur, tibia, and humerus, and spleen and lumber
spine, followed by 2 days of AraC (40 mg/kg) and 24 hours
later with 2x10° bone marrow (BM) cells for transplanta-
tion. Dose escalation was limited 1n radiosensitive NSG
mice (Myeloablative dose ~4 Gy) since ITMI (4Gy TMI+2
Gy Boost) was lethal even after a BM transplant (BMT, data
not shown). Therefore, I1TMI along with chemotherapy was
tested 1n a more radio-resistant and immune-competent B6
mouse (~11 Gy myeloablative) model of AML (MLL-AF9).
The boost regions were extrapolated from our NSG model.
TTMI (6 Gy TMI+3 Gy boost) was delivered 1n 2 fractions
6 hours apart, followed by 2 days of AraC (40 mg/kg) and
then BM cells (2x106 cells) for transplantation. Mean sur-
vival (1n days) was calculated for TTMI+AraC treated mice,
untreated AML mice or mice treated with AraC alone (100
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mg/kg IP, 3 consecutive days and BMT). Disease in NSG
mice was monitored post treatment every week using BLI
until the mice were moribund and euthanized. Disease in the

B6 model was determined using flow cytometry for GFP+
MLL-AF9 1n peripheral blood.

Mouse AML models: immunodeficient (NSG) and immu-
nocompetent (B6): All animal experiments were carried out
in accordance to the guidelines of Institutional Animal Care
and Use Committee (IACUC). The NSG (NOD-
scidIL2Rg”"**) mice were purchased from the Jackson Labo-
ratory and were in bred i City of Hope animal breeding
tacility. The NSG mice were treated with 2-2.5 Gy radiation
24 hours before transplant as a preconditioning regime to
ensure laster engraftment. Human AML and MM cells
(2x10° cells) were injected via tail vein, and engraftment
was determined using bioluminescent imaging (BLI) 7-10
days post-transplant. Biodistribution and **Cu-DOTA -anti-
CD33 mAb mmaging studies, chemotherapy and radiation
interventions were performed around 14-21 days post-trans-
plant. For an immunocompetent model, MLL-AF9-GFP, a
murine AML cell line (2x10° cells) was injected via tail vein
without any precondition radiation, and engraftment was
determined using flow cytometry for GFP+MLL-AF9 1n
peripheral blood. Chemotherapy and radiation interventions
were performed around 7 days post transplant.

Statistical analysis: Statistical analysis was performed
using ANOVA and the two-tailed students-t test. The Pear-
sons correlation coeflicients were calculated assuming a
Gaussian distribution. The difference was considered sig-
nificant when the p value was <0.05. The Kaplan-Meier
survival curve and all other graphs were generated using

GraphPad Prism Software V 7.2.

Example 2: Generation of **Cu-DOTA Anti-CD33
(p67.6) Monoclonal Antibody

This example demonstrates successiul production of
°*Cu-DOTA-anti-CD33 monoclonal antibody:.

For use as an immunoPET tracer, the anti-human CID33
mAb, mouse hybridoma P67.7, was produced, purified,
conjugated to the metal chelate DOTA and radiolabeled with
°*Cu. Coomassie stained SDS-PAGE gel electrophoresed
under reducing conditions shows the purity, with 2 bands
corresponding to the light and heavy chams (FIG. 1A).
Post-DOTA conjugation, 1so-electrofocusing gel analysis
shows a shift to a more acidic pH, confirming the conjuga-
tion process (FIG. 1B). The radiolabeled **Cu-DOTA -anti-
CD33 mAb was analyzed by size exclusion chromatography
(SEC) and the radiochromatogram showed a single peak,
with a retention time corresponding to a mAb (FIG. 1C). The
immunoreactivity of DOTA-ant1-CD33 mAb was evaluated
by incubating the °*Cu-DOTA-anti-CD33 with soluble
CD33-Fc antigen and analyzed by SEC. The radiochromato-
gram showed a faster retention time (~30 minutes), indicat-

ing an increase 1 molecular size consistent with binding to
CD33 Fc soluble antigen (67-85 kDa) (FIGS. 1D, 1E). The
**Cu-DOTA-anti-CD33 mAb was shown to be stable in

serum both 1n vitro and 1n vivo for 48 hours (FIGS. 1F, 1G).

Example 3: CD33 Cell Surface Expression in AML
Cells

This example demonstrates that the °*Cu-DOTA-anti-

CD33 antibody showed immunoreactivity to CD33-positive
AML cell lines.
The murine DOTA-ant1-CD33 mAb was tested for bind-

ing and specificity by flow cytometry using CD33 positive
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MV4-11, HL-60 cells, Kgla, and the CD33-negative
MM.1S-GFP cells. The **Cu-DOTA-anti-CD33 antibody

showed immunoreactivity towards CD33-positive AML cell
lines but not 1n CD33-negative MM. 1S cells (FIG. 2A). The
immunoreactivity of the antibody was further confirmed by
immunofluorescence: HL60 cells showed brighter staining
than MV4-11, whereas negative control MM. 1S showed no
staining (FIG. 2B). The total number of CD33 cell surface
receptors per cell was determined using the BD Quantibrite
PE kat (FIGS. 2C, 2D). The HL-60 AML cell line expressed
~55,000 cell surface CD33/cell, versus ~26,000/cell 1n
MV4-11 (FIG. 2E).

Example 4: PET-CT Imaging and Biodistribution of
CD33+ AML Cells 1n Mouse Model

This example demonstrates biodistribution of **Cu-
DOTA-anti-CD33 antibody 1n AML bearing mice.

°*Cu-DOTA-anti-CD33 mAb immuno PET-CT in vivo
imaging was performed 1n NSG mice bearing CD33+ AML
cells, CD33-MM cells, and non-leukemic control mice.
Mice were injected with **Cu-DOTA-anti-CD33 mAb (100
uC1/10 pg) 24-48 hours prior to PET imaging. As an
additional control for specificity, the °*Cu-DOTA-anti-
CD33 mAb (100 uCi/10 pg)+500 ng of unlabeled DOTA.-
ant1-CD33-mAb (1:50) were injected into mice bearing
CD33+ AML cells. Bioluminescent imaging of AML and
MM.1S cells in NSG mice was carried out 24 hours prior to
**Cu-DOTA-anti-CD33 mAb injections. The engraftment of
AML and MM cells was also measured in the femur,
L-spine, and spleen using FACS upon harvesting tissues/
organs after imaging and biodistribution studies. PET-CT
images (sagittal and coronal) clearly show CD33+ activity

only mn MV4-11 AML mice, but not 1n mice given cold
CD33, mice with MM.1S, and non-leukemic control mice
(FIGS. 3A, 3B). CD33+ PET activity was detected 1n the
femur, tibia, and humerus joints; L-spine; and pelvic bone 1n
CD33+ MV4-11-bearing mice and 1s highlighted in FIG. 3D.
Although BLI and flow cytometry indicated high levels of
myeloma cells in MM. 1S bearing mice, there was no detect-

able CD33+ activity; similarly, the mice injected with cold
unlabeled CD33 antibody showed no CD33+ PET signal,

suggesting high specificity (FIGS. 3A-3C).

Biodistribution studies were carried out in mice from
respective groups by harvesting different organs/tissues
24-48 hours post injection of the **Cu-DOTA-anti-CD33
mAb, and the activity was measured using a gamma counter.
The % ID/g of tissues/organs was plotted to determine the
activity. The PET-s1gnal was similar 1n all groups for blood,
liver, lung, mntestine and kidney (FIG. 3E). However, the %
ID/g was particularly high in bones and spleen (hematologi-
cal tissues) 1 CD33+ bearing MV4-11 AML mice, but not
in CD33-MM mice, cold-blocked AML mice, or control
non-leukemic mice (FIG. 3D). **Cu-DOTA-anti-CD33 tar-
geting was validated independently using a second AML cell
line, HL-60, and similar biodistribution results were
obtained (FIGS. 4A, 4B). The MV4-11 AML mice had
CD33+ activity 1n the femur, tibia, L spine, and humerus
(FIGS. 5A, 5B).

The sensitivity and specificity were calculated from bio-
distribution of the °*Cu-DOTA-anti-CD33 mAb injected
AML mice. The ROC curves showing sensitivity vs 100-
specificity for biodistribution data from the femur show high
sensitivity (~95%) and specificity (100%) (FIG. 6A).

Further, the femur and L-spine of AML bearing mice were
contoured 1 PET-CT mmages. The extent of engraitment
from these bones was then determined by flow cytometry of
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human CD45+ cellssyMV4-11-RFP. A high correlation was
observed between PET-CT signals and percent engraftment
(R2 value for femur and L-spine 1s 0.9854 and 0.8027,
respectively) (FIGS. 6B, 6C). Additionally, the femur of
AML bearing mice was contoured both in BLI and PET-CT
images, and a high correlation was observed between BLI
and PET-CT signals (R2=0.9262) (FIG. 6D). However,
spatial localization was evident in PET-C'T 1n comparison to
BLI images, which were diffuse.

Example 5: Spatial Heterogeneity in AML In Vivo

This example demonstrates the localization pattern of
AML using the anti-CD33 PET/CT imaging technique.

Besides detecting a CD33+ specific signal, ant1-CD33
PET/CT imaging also indicated the spatial heterogeneity of
AML. CD33+ PET activity was significantly heterogeneous
within the femur; for example, the distal and proximal femur
showed higher CD33 activity compared to the long bone
area (FIG. 7A) 1n mice with low leukemia burden; however,
heightened activity 1n the long bone was observed when
leukemic burden increased (FIG. 7A). A similar localization
pattern was seen 1n other bones including the tibia, humerus
and L-spine (FIG. 3D). CD33 activity was mostly concen-
trated 1n the proximal/distal end of the bone. Further sup-
porting the spatial distribution of AML, 1n the L-spine (FIG.
7B) at areas of low leukemic burden (5-10%), the disease
was strongly localized to one of the segments (L1-L5) of the
L-spine. However, with increasing leukemic burden (>15%)
the leukemia was distributed across the L-spine and could be
seen even on the T-spine, which was 1mitially undetectable 1n
the low leukemia group (FIG. 7B), suggesting a preferential
niche for AML during the early stages of disease progres-
sion. Therefore, the treatment of these localized leukemia
regions using ITMI was evaluated.

Example 6: PET-CT Image-Guided 1TMI

PET-CT 1mages were used to design an fTMI treatment

plan. The standard fTMI treatment plan of 2Gy TMI and a
2Gy boost to the CD33 enriched region i1s shown (FIGS.
8A-8C). The dose-volume histograms (DVH) for the ITMI

plan (n=35) clearly show that bones received considerably
high radiation doses while the wvital organs (viz lung)
received minimal doses 1 the ITMI plan (FIG. 8D). Table
1 and 2 show volumes and mean dose for the CD33-avid
regions, the entire skeletal (bone and marrow) system, and
lungs for 5 mice. The mean dose to CD33 avid regions was
~1.5 times more than the entire skeletal system while the
unintended soit tissue (lung) received less dose, suggesting,
increased cell killing in the disease regions and reduced

radiation toxicity to other organs by fTMI (n=5). FIG. 8E
shows that fTMI and AraC combined treatment increased

survival of the mice by about 17 days and about 10 days
comparing to untreated and AraC treated mice.

TABLE 1
Units: cc Bone (PTV) CD33 Lungs
Vol 1088.40 96.60 416.60
Std. Dev. 113.15 10.69 94.12
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TABLE 2
Units: Gy Bone (PTV) CD33 Lungs
Dmean 5.78 8.23 1.02
Std. Dev. 0.31 0.64 0.21

The leukemic burden (measured by BLI) 10 days post
intervention was reduced i fTMI treated mice, correlating
with an increase 1n survival compared with the control (FIG.
9A). ITMI 1n combination with chemotherapy increased the
survival of AML-bearing mice by about 15 days and about
10 days longer than that in untreated or mice treated with
AraC only, respectively (FIG. 9B). To circumvent the limi-
tation of dose escalation present with the use of NSG mice,
the B6 murine AML model was used. The 1TMI treatment
plan was 6 Gy TMI and a 3 Gy boost, each delivered in two
fractions (total 12 Gy TMI and 6 Gy boost). The boost
regions were extrapolated from the CD33 PET imaging.
Mice given both fTMI and chemotherapy survived for about

59 days, whereas the conventional chemotherapy (AraC)-
treated mice and untreated mice survived for only 33 and
26.5 days, respectively (FI1G. 9C).

Example 7: Humamzed CD33 Antibody Detects
CD33 AML

A humanized anti-CD33 mAb was developed, as
described in Example 1. The humanized **Cu-DOTA anti-
human CD33 mAb immunoreactivity was tested and 1t was
found that the humanized °*Cu-DOTA anti-human CD33
mAb bound specifically to CD33 positive AML cell lines
(MV4-11, HL-60) (FIG. 10).

As stated above, the foregoing are merely intended to
illustrate the various embodiments of the present invention.
As such, the specific modifications discussed above are not
to be construed as limitations on the scope of the invention.
It will be apparent to one skilled in the art that various
equivalents, changes, and modifications may be made with-
out departing from the scope of the invention, and 1t 1s
understood that such equivalent embodiments are to be
included herein. All references cited herein are incorporated
by reference as if fully set forth herein.
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<400> SEQUENCE: 1

ccgccaccat

ctaccggcga

gagtgaccat

actggttcca

aadycadydcdydy

caattagcag

tgccctggac

gcgtgttcat

gcctgctgaa

tgcagagcdgg

gcctgagcag

gcgaagtgac

gttga

ggaaaccgac

catccagatyg

cacatgtaga

gcagaagccc

agtgcctagc

cctgcagect

ctttggacag

ctttccacca

caacttctac

caatagccaa

cacactgacc

acaccagggc

<210> SEQ ID NO 2

<211> LENGTH:
<212> TYPERE:

1407
DNA
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acactgctgc
acacagagcc
gccagcgaga
ggcaaggccc
agattttctyg

gacgacttcg

ggcaccaagg
agcgacgagc
cccagagaag
gagagcgtga
ctgagcaagyg

ctgtctagcce
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tgtgggtgct
cttctagcect
gcgtggacaa
ctaaactgct
gcagcggctce
ccacctacta
tggaaatcaa
agctgaaaag
ccaaggtgca
ccgagcagga
ccgactacga

ctgtgaccaa

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: huM195
<220> FEATURE:
<221> NAME/KEY: misc feature
222> LOCATION: (1) ..
<223> OTHER INFORMATION: Kozak sequence
<220> FEATURE:
<221> NAME/KEY: misc feature

«222> LOCATION:
<«223> OTHER INFORMATION:

<400> SEQUENCE: 2

gccgcecacca

aactctcagy

aaggtgtcct

caggctccag

ggctacaacc

gcctacatgyg

ggcagacccyg

acaaagggcc

gccgctotgy

agcggagcac

tactctetgt

tgcaacgtga

tgcgacaaga

gttttectgt

acctgegtgy

gacggcegtgg

tgaagtgcag

ttcaactggt

gcaaggccag

gacagggact

agaagttcaa

aactgagcag

ccatggatta

ctagtgtgtt

gctgcecctggt

tgacaagcgy

ctagcgtggt

accacaaqCcC

cccacacctg

ttccacctaa

tggtggatgt

aagtgcacaa

(10) ..

(9)

(66)

ctgggtcatc

gcagtctggce

cggctacacc

cgagtggatc

gagcaaggcc

cctgagaagc

ttggggacag

ccetetgget

caaggattac

cgtgcacaca

cacagtgcct

tagcaacacc

tccteccecatgt

gcctaaggac

gtcccacgag

cgccaagacc

(alpha-CD33)

signal sequence

ttctttetga

gccgaagtga
tttaccgact

ggctacatct

accatcaccg

gaggacaccyg

ggcaccctgyg

cctagcagca

tttcctgagc

tttccagety

agctctagcec

aaggtggaca

cctgcectecag

accctgatga

gacccagaag

aagcctagag

-continued

gcttttgtgg

gagcgcctcet

ctacggcatc

gatctacgcc

tggcaccgac

ctgccagcag

gagaacagtyg

cggagcacgct

gtggaaggtg

cagcaaggat

gaagcacaaa

gagcttcaac

gtgccaggct
gtgggcgata
agcttcatga
gccagcaatc
ttcaccctga
tctaaagagyg
gccgctocga
tctgtegtgt
gacaatgccc
agcacataca
gtgtacgcct

cggggcgagt

heavy chain

tggccgtggt

agaaacctgg

acaacatgca

acccttacaa

ccgacgagag

ccgtgtacta

ttaccgtgtce

agagcacatc

ctgtgaccgt

tgctgcagag

tgggcaccca

agaaggtgga

aactgctcgyg

tcagcagaac

tgaagttcaa

aggaacagta

caccggcegtyg

cagctctgtg

ctgggtcecga

tggcggcacc

cacaaacacd

ttgtgccaga

tagcgcectcet

tggtggaaca

gtcctggaat

cagcggcectyg

gacctacatc

acccaagagc

cggaccctcec

ccectgaagtyg

ttggtacgtg

caacagcacc

60

120

180

240

300

360

420

480

540

600

660

720

725

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

560
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23 24
-continued
tacagagtgg tgtccgtgct gaccgtgcectg caccaggatt ggctgaacgg caaagagtac 1020
aagtgcaagg tgtccaacaa ggctctgccce gcectcecctatcecg agaaaaccat ctccaaggcec 1080
aagggccagce caagagaacc ccaggtttac acactgcectce caagcaggga cgagctgacce 1140
aagaatcagg tgtccctgac ctgcecctcegtg aagggcttcect acccttecga tatcecgecedgtyg 1200
gaatgggaga gcaatggaca gcccgagaac aactacaaga caacccecctcece tgtgetggac 1260
agcgacggct cattcttect gtacagcaag ctgacadtgg acaagtccag atggcagcag 1320
ggcaacgtgt tcagctgttce tgtgatgcac gaggccecctgce acaaccacta cacccagaaa 1380
agcctgtcecte tgagccecccecgyg caaatga 1407

What 1s claimed 1s:

1. A non-mnvasive method of 1 vivo detecting acute
myeloid leukemia (AML) or extramedullary disease (EMD)
in a subject, comprising;:

administering to the subject an eflective dose of a radio-

active 1sotope-labeled anti-CD33 antibody;
exposing the subject to positron emission tomography-
computed tomography (PET-CT) scanning; and

detecting CD33— PET-CT signal in tissue or organ of the
subject, thereby to determine the presence of the AML
cancer cells or the EMD cancer cells, wherein the
ant1-CD33 antibody comprises a light chain comprising
an amino acid sequence encoded by nucleotides 69-725
of SEQ ID NO: 1 and a heavy chain comprising an
amino acid sequence encoded by nucleotides 67-1407
of SEQ ID NO: 2.

2. The method of claim 1, wherein the PET-CT scanning,
1s carried out about 6 hours, about 12 hours, about 18 hours,
about 24 hours, about 30 hours, about 36 hours, or about 48
hours after administration of the radioactive 1sotope-labeled
ant1-CD33 antibody.

3. The method of claim 1, wherein the radioactive 1sotope-
labeled anti-CID33 antibody 1s administered to the subject by
intravenous injection, subcutaneous injection, or peritoneal
injection.

4. The method of claim 1, wherein the radioactive 1sotope
1s conjugated to the anti-CD33 antibody via a chelating
agent.

5. The method of claim 4, wherein the chelating agent 1s
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA).

6. The method of claim 1, wherein the radioactive 1sotope
is “*Cu.

7. A method of determining heterogenicity in the spatial
distribution of acute myeloid leukemia (AML) 1n a subject,
comprising:

administering to the subject an effective dose of a radio-

active 1sotope-labeled anti-CD33 antibody;

exposing the subject to PE'T-CT scanning; and

detecting CD33- PET-CT signal 1n tissue or organ of the

subject, thereby to determine the heterogenicity 1n the
spatial distribution of AML, wherein the anti-CD?3

antibody comprises a light chain comprising an amino
acid sequence encoded by nucleotides 69-725 of SEQ

ID NO: 1 and a heavy chain comprising an amino acid

sequence encoded by nucleotides 67-1407 of SEQ 1D
NO: 2.

8. The method of claim 7, wherein the PET-CT scanming,

1s carried out about 6 hours, about 12 hours, about 18 hours,
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about 24 hours, about 30 hours, about 36 hours, or about 48
hours after administration of the radioactive 1sotope-labeled

ant1-CID33 antibody.
9. The method of claim 7, wherein the radioactive 1sotope-

labeled ant1-CD33 antibody 1s administered to the subject by
intravenous injection, subcutaneous injection, or peritoneal

injection.

10. The method of claim 7, wherein the radioactive
1sotope 1s conjugated to the anti-CD33 antibody via 1,4,7,
10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA), or wherein the radioactive isotope is **Cu.

11. A method of treating acute myeloid leukemia (AML)
or extramedullary disease (EMD) in a subject, comprising:

administering to a subject an eflective dose of a radioac-

tive 1sotope-labeled anti-CD33 antibody;

exposing the subject to positron emission tomography-

computed tomography (PET-CT) scanning;

detecting CD33+ PET-CT signal 1n tissue or organ of the

subject to determine the presence of the cancer cells;
and
administering functional total marrow irradiation (fTMI)
therapy to the subject based on the distribution of the
CD33+ PET-CT signal,

wherein the tissue or organ with a higher intensity of the
CD33+ PET-CT signal receives a higher dose, a higher
frequency, or a longer exposure of the 1TMI therapy
than the tissue or organ with a lower intensity of the
CD33+ PET-CT signal, wherein the anti-CD33 anti-
body comprises a light chain comprising an amino acid
sequence encoded by nucleotides 69-725 of SEQ ID
NO: 1 and a heavy chain comprising an amino acid
sequence encoded by nucleotides 67-1407 of SEQ 1D
NO: 2.

12. The method of claim 11, the vital organs, or the tissue
or organ having no CD33+ PET-CT signal does not receive
any 1TMI therapy.

13. The method of claim 11, further comprising admin-
istering to the subject a chemotherapy before or after the
fTMI therapy.

14. The method of claim 13, wherein the combination of
the TTMI therapy and the chemotherapy results 1n a reduced
dose, frequency, and/or mtensity of the ITMI therapy or the
chemotherapy comparing to each of the therapies used
alone.

15. The method of claim 13, wherein the chemotherapy 1s
AraC.

16. The method of claim 11, the PET-CT scanning 1s
carried out about 6 hours, about 12 hours, about 18 hours,
about 24 hours, about 30 hours, about 36 hours, or about 48
hours after administration of the radioactive 1sotope-labeled

ant1-CD33 antibody.
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17. The method of claim 11, further comprising trans-
planting bone marrow to the subject.

18. The method of claim 11, wherein the radioactive
1sotope-labeled anti-CD33 antibody 1s administered to the

subject by intravenous injection, subcutaneous injection, or 3

peritoneal 1njection.

19. The method of claim 11, wherein the radioactive
1sotope 1s conjugated to the anti-CD33 antibody via a
chelating agent, or wherein the radioactive isotope is **Cu.

20. The method of claim 19, wherein the chelating agent

1s 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA).
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